Prenatal exposure to infection is associated with increased liability to schizophrenia, and it is believed that such an association is mediated by the maternal immune response, in particular, the proinflammatory cytokines released by the maternal immune system, which may disrupt fetal brain development. Impaired capacity to ignore irrelevant stimuli is one of the central deficits in schizophrenia, and is manifested, among others, in loss of latent inhibition (LI), a phenomenon whereby repeated inconsequential pre-exposure to a stimulus impairs its subsequent capacity to signal significant consequences. We tested the effects of prenatal immune activation induced by peripheral administration of the synthetic cytokine releaser polyriboinosinic-polyribocytidilic acid (poly I : C) to pregnant dams, on LI in juvenile and adult offspring. Consistent with the characteristic maturational delay of schizophrenia, prenatal immune activation did not affect LI in the juvenile offspring, but led to LI disruption in adulthood. Both haloperidol (0.1 mg/kg) and clozapine (5 mg/kg) reinstated LI in the adult offspring. In addition, prenatal immune activation led to a postpubertal emergence of increased sensitivity to the locomotorstimulating effects of amphetamine and increased in vitro striatal dopamine release, as well as to morphological alterations in the hippocampus and the entorhinal cortex in the adult offspring, consistent with the well-documented mesolimbic dopaminergic and temporolimbic pathology in schizophrenia. These results suggest that prenatal poly I : C administration may provide a neurodevelopmental model of schizophrenia that reproduces a putative inducing factor; mimics the temporal course as well as some central abnormalities of the disorder; and predicts responsiveness to antipsychotic drugs.
INTRODUCTION
An inability to ignore irrelevant stimuli is one of the key deficits described in schizophrenia (Anscombe, 1987; Kraepelin, 1919; McGhie and Chapman, 1961; Nuechterlein and Dawson, 1984) . One well-established behavioral procedure that assesses organisms' capacity to ignore irrelevant stimuli is that of latent inhibition (LI), in which repeated inconsequential pre-exposure to a stimulus impairs its subsequent capacity to signal significant consequences. LI is abolished in rats and normal humans by the psychomimetic dopamine (DA) releaser amphetamine that produces and exacerbates psychotic symptoms (Gray et al, 1992a; Weiner et al, 1984) , in high-schizotypal humans (Baruch et al, 1988b; Lubow et al, 1992) , and in some subsets of schizophrenia patients (Baruch et al, 1988a; Gray et al, 1992b Gray et al, , 1995 Rascle et al, 2001; Vaitl et al, 2002; Vaitl and Lipp, 1997) . Antipsychotic drugs (APDs) reverse amphetamine-induced LI disruption in rats and normalize LI in schizophrenia patients (Baruch et al, 1988a; Weiner et al, 1996) , and when given alone, potentiate LI in rats and in normal humans Williams et al, 1997) . The neural substrates of LI in the rat include the limbic system and the nucleus accumbens, in line with the temporolimbic and mesolimbic DA pathology implicated in schizophrenia. Consequently, disrupted LI in the rat is considered to provide an animal model of schizophrenia with face, construct, and predictive validity (for reviews, see Ellenbroek and Cools, 1990; Gray et al, 1991; Moser et al, 2000; Weiner, 1990 Weiner, , 2000 Weiner, , 2003 .
In recent years, converging evidence from epidemiological, brain imaging, and neuropathological studies has led to an increasing acceptance of the notion that at least a portion of adult schizophrenia is a neurodevelopmental disorder, whereby a brain abnormality is inherited or sustained early in life, but is not fully expressed until early adulthood (Arnold, 1999; Beckmann, 1999; Murray et al, 1992a, b; Weinberger, 1987) , and this has been paralleled by increasing efforts to develop animal neurodevelopmental models of the disorder (Lipska and Weinberger, 2000) . Among environmental factors that may detrimentally affect neurodevelopment, prenatal exposure to viral infection has been implicated by several large epidemiological studies, indicating that such exposure increases the risk of schizophrenia (Adams et al, 1993; Izumoto et al, 1999; Mednick et al, 1994; O'Callaghan et al, 1994; Torrey et al, 1988) .
Although direct evidence linking schizophrenia to prenatal infection is lacking, studies in rodents have shown that perinatal viral infections can lead to structural brain and behavioral abnormalities considered relevant to schizophrenia. For example, it has been shown that neonatal inoculation with Cytomegalovirus, Herpes simplex virus type 1, or the bacterial endotoxin lipopolysaccharide (LPS), led in the adult offspring to disrupted prepulse inhibition (PPI), considered to model sensorimotor gating deficits in schizophrenia (Borrell et al, 2002; Engel et al, 2000; Rothschild et al, 1999) . Other studies have shown that prenatal inoculation with human influenza virus and neonatal inoculation with Borna disease virus or Lymphocytic Choriomeningitis virus led to abnormal temporolimbic morphology, such as reduced thickness of the hippocampus, dentate gyrus, and entorhinal cortex (Fatemi et al, 1999; Pearce et al, 2000; Rubin et al, 1999) .
The mechanisms whereby viral insults during neuroontogenesis can cause latent pathology in the CNS remain unknown, but it has been suggested that the maternal immune response, and in particular, proinflammatory cytokines released by the maternal immune system, may interfere with normal fetal brain development Kirch, 1993; Marx et al, 2001; Nawa et al, 2000; Pearce, 2000 Pearce, , 2001 Waltrip et al, 1990; Wright et al, 1993) . The potential role of cytokines is underscored by findings that prenatal exposure to a variety of infections has been associated with an increased incidence of schizophrenia (O'Callaghan et al, 1994; Torrey et al, 1982 Torrey et al, , 1988 Watson et al, 1984; Yolken et al, 2000) , indicating that such an association may be mediated by a host response that is common to all infections Marx et al, 2001; Nawa et al, 2000; Pearce, 2001 ).
The present experiments tested whether prenatal immune activation would lead to a loss of LI in the offspring and whether such a loss could be reversed by treatment with the typical APD haloperidol and the atypical APD clozapine. In addition, since it is well documented that disrupted LI is related to hyperdopaminergic function (Ellenbroek and Cools, 1990; Gray et al, 1991; Moser et al, 2000; Weiner, 1990 Weiner, , 2003 , and given the widely accepted role of subcortical dopaminergic hyperfunction in schizophrenia (Abi-Dargham et al, 1998; Breier et al, 1997; Laruelle et al, 1996 Laruelle et al, , 1999 , we assessed in the offspring a behavior known to be related to increased subcortical dopaminergic transmission, namely, locomotor response to amphetamine (Lipska et al, 1993) , as well as in vitro striatal DA release.
Maternal immune activation was induced by injecting pregnant dams with the synthetic double-stranded RNA, Polyriboinosinic-Polyribocytidilic acid (poly I : C), which is commonly used to mimic viral exposure because it elicits immune responses analogous to those observed during viral infection, most notably by inducing the release of proinflammatory cytokines (Doukas et al, 1994; Kimura et al, 1994; Snell et al, 1997) . Poly I : C was used because it offers two advantages compared to a viral infection: First, it elicits a nonspecific immune response, namely, induction of cytokines unaccompanied by the production of specific antibodies and viral nucleic acids; second, the effects of poly I : C are time limited (lasting approximately 48 h) and thus can be precisely timed to a specific period of neurodevelopment. We administered poly I : C on gestational day (GD) 15, a time point during the proliferation and migration of the limbic cortical neurons Bayer et al, , 1993 1 . Since an essential feature of an animal neurodevelopmental model of schizophrenia is the capacity to mimic the maturational delay between the early neurodevelopmental insult and the emergence of its relevant consequences in early adulthood characteristic of the clinical condition, the effects of prenatal poly I : C administration on LI, in vitro DA release and amphetamine-induced hyperlocomotion were tested at prepubertal age (35 days) and at adulthood (3 months). In addition, because one of the most consistent findings of brain imaging and neuropathological studies in schizophrenia are structural and cytoarchitectonic alterations, believed to be of an early neurodevelopmental origin, in the entorhinal cortex and in the hippocampus (Arnold, 1999; Arnold et al, 1991; Beckmann, 1999; Falkai et al, 1988; Jakob and Beckmann, 1986) , and given that LI depends on the integrity of these same regions (Weiner, 2003; , we examined whether prenatal immune activation would lead to anatomical abnormalities in the hippocampus and the entorhinal cortex of the adult poly I : C offspring.
We show that immune activation during pregnancy in rats leads in their offspring to disrupted LI, increased amphetamine-induced locomotion and increased striatal DA release, and that these abnormalities exhibit a temporal course characterizing schizophrenia, namely, they are absent at prepubertal age and emerge at adulthood. Consistent with the clinical pharmacology of schizophrenia, antipsychotic treatment (clozapine and haloperidol) alleviates the LI deficit. Also consistent with neuropathological abnormalities found in schizophrenia, we present preliminary evidence indicating that prenatal poly I : C treatment 1 Initially we injected poly I : C on GDs 13, 15, and 17. Administration on GD 13 increased the miscarriage rate and was therefore discontinued. Prior to the experiments reported here, we assessed LI in 3-month-old male offspring of dams injected with poly I : C on GD 15 or 17, and found disrupted LI for both GDs (to be reported elsewhere). Therefore, in the subsequent experiments (reported here), poly I : C was administered only on GD 15. resulted in temporolimbic abnormalities in the adult offspring.
MATERIALS AND METHODS

Subjects
Male and female Wistar juvenile (35-42 days old, weight 85-115 g), or adult (3-4 months old, weight 200-450 g) rats bred in our laboratory were used for the experiments. They were housed four to a cage under reversed cycle lighting with ad libitum food and water, except for 1 week prior to and during the LI experiments. All experimental protocols were carried out according to the guidelines of the Institutional Animal Care and Use Committee of Tel Aviv University.
Prenatal Treatment
Wistar rats (Harlan, Jerusalem or Tel-Aviv University Medical School) were mated at about an age of 3 months and the first day after copulation was defined as day 1 of pregnancy. On GD 15, pregnant rats were anesthetized with halothane, and given either a single intravenous injection of 4.0 mg/kg poly I : C (Sigma, Israel) dissolved in saline, or an equivalent volume of saline. Poly I : C caused weight loss for approximately 1 day, without significantly increasing the miscarriage rate. At birth, litters were culled to eight, composed of four males and four females. On day 21, the pups were weaned and housed four to a cage by sex and litter, and maintained undisturbed till 35 days or 3 months of age, when they were tested in LI. Juvenile male and female rats were weighed and assigned to two experimental conditions, pre-exposed (PE) or nonpre-exposed (NPE), with no more than two rats from the same litter in each experimental group. Adult male and female rats were weighed and assigned to four experimental conditions, PE-vehicle injected, PE-drug (haloperidol or clozapine) injected, NPE-vehicle injected, and NPE-drug (haloperidol or clozapine) injected, with only one rat from the same litter included in each of the experimental groups. For both ages, the male/female ratio per experimental group was as close as possible to 1 : 1.
Latent Inhibition
LI was measured in a thirst-motivated conditioned emotional response (CER) procedure by comparing the suppression of drinking to a tone previously paired with a foot shock in rats who received nonreinforced exposure to the tone prior to conditioning (PE) and in rats for whom the tone was novel (NPE; see Weiner, 2001 ). The apparatus consisted of Campden Instruments rodent test chambers with a retractable bottle, each set in a ventilated soundattenuating chest. When the bottle was not present, the hole was covered by a metal lid. Licks were detected by a drinkometer circuit. The PE to-be-conditioned stimulus was a 10 s, 80 dB, 2.8 kHz tone produced by a Sonalert module. Shock was supplied by a shock generator and scrambler set at 0.5 mA, 1 s duration. Equipment programming and data recording were computer controlled.
Rats were handled for about 2 min daily for 5 days prior to the beginning of the experiment. A 22-h water restriction schedule was initiated simultaneously with handling and continued throughout the experiment. During the next 5 days, rats were trained to drink in the experimental chamber for 20 min a day. Water in the test apparatus was given in addition to the daily ration of 2 h given in the home cages. The LI procedure was conducted on days 11-14 and consisted of four stages given 24 h apart: Pre-exposure. With the bottle removed, the PE rats received 40 tone presentations with an interstimulus interval of 40 s, whereas the NPE rats were confined to the chamber for an identical period of time without receiving the tone. Conditioning. With the bottle removed, each rat received two tone-shock pairings given 5 min apart. Shock immediately followed tone termination. The first tone-shock pairing was given 5 min after the start of the session. After the second pairing, rats were left in the experimental chamber for an additional 5 min. Retraining. Rats were given a 15-min drinking session as in the initial training. Test. Each rat was placed in the chamber and allowed to drink from the bottle. When the rat completed 75 licks, the tone was presented for 5 min. The following times were recorded: time to first lick, time to complete licks 1-50, time to complete licks 51-75, and time to complete licks 76-100. Suppression of licking was measured using a suppression ratio, A/(A+B), where A is time to complete licks 51-75 (before tone onset) and B is time to complete licks 76-100 (after tone onset). LI is manifested as a higher suppression ratio (lower suppression of drinking in response to tone presentation) of the PE compared to the NPE group.
Spontaneous and Amphetamine-Induced Activity
Activity was assessed in juvenile rats and in vehicle-treated adult rats who were previously tested in LI. The apparatus consisted of plastic chambers (46 Â 57 Â 37 cm) covered by clear Perspex lids. An infrared sensor unit (Coulbourn Instruments) was installed in the center of the front wall 22 cm from the side walls and 12 cm above the grid floor. Blind areas of the sensor (the two corners of the triangles adjacent to the sensor, 17 Â 17 Â 25 cm) were blocked by clear Perspex walls, and access to the sensor was prevented by a wired fence (10 Â 10 Â 6 cm). Movements detected by the sensor were transmitted through an eight-channel infrared motion interface to an infrared activity monitor (Coulbourn Instruments). Data recording was computer controlled. Rats were individually placed in the activity chambers and allowed 30 min of free exploration, at the end of which they were returned to their home cage, injected with amphetamine, and replaced into the activity chambers for 60 min. The number of movements performed by each rat was recorded in 6-min blocks. the corresponding vehicle. Amphetamine (1 mg/kg; Sigma, Israel) was dissolved in saline.
]DA release was measured in striatal slices derived from juvenile (42 days) and adult rats who were previously tested in LI. Rats were decapitated, brains were rapidly removed onto ice and the striatum was sliced in two perpendicular directions with a razor blade. The slices were transferred to 5 ml Krebs buffer (NaCl 124 mM, KCl 5 mM, CaCl 2 1.2 mM, MgSO 4 1.3 mM, KH 2 PO 4 1.2 mM, NaHCO 3 26 mM and D-glucose 10 mM). When KCl (25 mM)-induced stimulation was tested, the NaCl concentration was reduced to maintain osmolarity. After dispersion of the slices with a 10-ml glass pipette, the tissue was washed for 40 min, with the buffer being changed every 10 min. Slices were then incubated with 5 Â 10 À8 m [ 3 H]DA in 2.5 ml of the same Krebs buffer and 1 mg/ml of ascorbic acid, for 30 min. The ascorbic acid remained in the buffer for the duration of the assay. At the end of the incubation, the slices were washed for 40 min with three changes of buffer. Aliquots of the tissue (80 ml of the gravity-packed slices) were added to baskets with a mesh bottom (100 mm pore size) and washed for 20 min, with one change of the buffer, prior to the release assay. Each basket was transferred at 1-min intervals through a series of vials containing buffer until stabilization of basal [ 3 H]DA release. For stimulated release, the baskets were transferred to vials containing KCl at 25 mM for 1 min. During the procedure, the temperature was maintained at 371C and pH at 7.3 by continuous bubbling of 95% O 2 and 5% CO 2 . At the end of the release procedure, the baskets were placed in 3 ml of NaOH 1 N overnight to solubilize the tissue. The next day, an aliquot of the solubilized tissue was transferred to a scintillation vial and was neutralized with 1.8 ml of acetic acid 2 M. The radioactivity in the vials was then determined by liquid scintillation spectrometry. The fractional spontaneous and stimulated [ 3 H]DA release was calculated as the amount of radioactivity released during a given period, divided by the radioactivity present at the start of the period. The rate of basal release was defined according to the release at the last prestimulation period. KCl-stimulated release rate was calculated for the 1 min period of exposure to KCl.
Histology
After the completion of behavioral testing in LI, adult rats were anesthetized with an overdose of Nembutal and perfused transcardially with 4% phosphate-buffered paraformaldehyde solution. Brains were paraffin embedded and cut serially in the coronal plane to 7-mm sections. Hematoxylin and Eosin and Nissl-stained sections were examined under a light microscope. Gross morphology of the poly I : C offspring brains did not differ qualitatively from controls, thus allowing observation of analogous brain regions between control and poly I : C conditions. The hippocampal region and the entorhinal cortex were identified according to the atlas of Paxinos and Watson (1998) . We have rated each region for the presence of eosinophilic soma, and have defined a region as displaying pyknotic-like neurons when 20% of at least 100 neurons displayed such morphology. The purpose of this preliminary analysis was to detect whether abnormal neuronal morphology is a consistent feature of the brains of poly I : C offspring.
Data Analysis
As initial ANOVAs yielded no significant outcomes involving the gender variable, the data of the two genders were combined for final analysis. In LI experiments, latency to first lick, times to complete licks 1-50 and licks 51-75, and suppression ratios were analyzed with a two-way ANOVA with main factors of pre-exposure (0, 40) and prenatal treatment (saline, poly I : C) (Experiment 1), or with threeway ANOVAs with main factors of pre-exposure (0, 40), prenatal treatment (saline, poly I : C), and drug (vehicle, clozapine/haloperidol) (Experiments 2 and 3). In DA release experiments, the percentage of release was analyzed with one-way ANOVAs with a main factor of prenatal treatment (saline, poly I : C) and a repeated measurement factor of release (basal release, KCl-induced release). Significant interactions were followed by post hoc Tukey HSD comparisons. In the activity experiments, number of movements was analyzed with a 2 Â (3) Â (5) ANOVA with a main factor of prenatal treatment (saline, poly I : C) and a repeated measurements factor of three 30-min blocks (1-30 min before injection, 31-60 min after injection, 61-90 min after injection) and five 6-min segments within each 30 min block.
RESULTS
Histology
Representative photomicrographs, taken at low and high magnification, of hematoxylin and eosin-stained sections of the CA1 and the CA3 subfields of the hippocampus, the dentate gyrus, and the entorhinal cortex, from offspring of poly I : C-and saline-treated dams, are presented in Figure  1A -h, left and right columns, respectively (n per group ¼ 4, each rat originating from a different litter). The brains of adult offspring of poly I : C-treated dams consistently exhibited moderate to severe cell loss compared to controls. The hippocampal CA1 region was most consistently and severely affected (see Figure 1A -a, B-b), with many of the remaining neurons exhibiting a pyknotic-like profile, as indicated by the presence of shrunken or 'condensed' neurons. In hematoxylin and eosin-stained sections, such cells exhibited intensely eosinophilic nuclei with condensed cytoplasm. Similar, but less severe, pyknotic-like neuronal profiles were observed in the dentate gyrus (see Figure 1E -e, F-f) and in the entorhinal cortex (see Figure 1G -g, H-h). In addition, in the CA3, the pyknotic cells appeared to be less shrunken (see Figure 1C-c, D-d) . It is notable that the affected regions of poly I : C brains display both eosinophilic pyknotic-like neurons and normally appearing neurons. Very few pyknotic neurons were observed in the untreated group.
Experiment 1: The Effects of Prenatal poly I : C Administration on LI in the Juvenile Offspring
The experiment included 25 rats divided into four experimental groups in a 2 Â 2 factorial design with main factors of pre-exposure (0, 40) and prenatal treatment (saline, poly I : C) (n ¼ 6-7 per group). There were no differences between the four experimental groups in latency to first lick, time to complete licks 1-50, and time to complete licks 51-75 (all p's40.05). Figure 2 presents the mean ( 7 SEM) suppression ratios of the PE and NPE juvenile (35 days) offspring of saline-or poly I : C-treated dams. As can be seen, LI, that is, higher suppression ratio of the PE compared to the NPE group, was present in both groups. This was supported by ANOVA, which yielded only a significant main effect of pre-exposure, F(1,21) ¼ 88.23, po0.0001.
Experiment 2: The Effects of Prenatal Poly I : C Administration on LI in the Adult Offspring Treated with Vehicle or Haloperidol
The experiment included 47 rats divided into eight experimental groups in a 2 Â 2 Â 2 factorial design with main factors of pre-exposure (0, 40), drug (vehicle, haloperidol), and prenatal treatment (saline, poly I : C) (n ¼ 5-7 per group). There were no differences between the eight experimental groups in latency to first lick, time to complete licks 1-50, and time to complete licks 51-75 (all p's40.05). Figure 3 presents the mean ( 7 SEM) suppression ratios of the vehicle-or haloperidol-injected PE and NPE adult offspring of saline-or poly I : C-treated dams. As can be seen, LI was present in the offspring of saline-treated dams injected with either vehicle or haloperidol, as well as in haloperidol-injected offspring of poly I : C-treated dams, but was absent in saline-injected offspring of poly I : Ctreated dams. These outcomes were supported by significant main effects of pre-exposure, F(1,39) ¼ 60.56, po0.0001, prenatal treatment, F(1,39) ¼ 9.76, po0.0034, and drug, F(1,39) ¼ 10.68, po0.0023, as well as a significant pre-exposure Â prenatal treatment Â drug interaction, F(1,39) ¼ 5.68, po0.022. Post hoc comparisons assessing Prenatal immune activation and latent inhibition L Zuckerman et al the difference between the NPE and PE groups within each condition, confirmed the existence of LI in saline-vehicle, po0.0001, saline-haloperidol, po0.0001 and poly I : Chaloperidol, po0.002 conditions, but not in the poly I : Cvehicle condition, p40.05.
Experiment 3: The Effects of Prenatal Poly I : C Administration on LI in the Adult Offspring Treated with Saline or Clozapine
The experiment included 47 rats divided into eight experimental groups in a 2 Â 2 Â 2 factorial design with main factors of pre-exposure (0, 40), drug (vehicle, clozapine), and prenatal treatment (saline, poly I : C) (n ¼ 5-6 per group). There were no differences between the eight experimental groups in latency to first lick, time to complete licks 1-50, and time to complete licks 51-75 (all p's40.05). Figure 4 presents the mean ( 7 SEM) suppression ratios of the vehicle-or clozapine-injected PE and NPE adult offspring of saline-or poly I : C-treated dams. As can be seen, LI was present in the vehicle-and clozapineinjected offspring of saline-treated dams, but not in the vehicle-injected offspring of poly I : C-treated dams, and clozapine-reinstated LI in the offspring of poly I : C-treated dams. These outcomes were supported by significant main effects of pre-exposure, F(1,39) ¼ 92.12, po0.0001, prenatal treatment, F(1,39) ¼ 18.60, po0.0001, and drug, F(1,39) ¼ 5.72, po0.022, as well as a significant pre-exposure Â prenatal treatment Â drug interaction F(1,39) ¼ 4.30, po 0.0448. Post hoc comparisons assessing the difference between the NPE and PE groups within each condition, confirmed LI presence in the saline-vehicle, po0.0002, saline-clozapine, po0.0002 and poly I : C-clozapine, po0.0003, conditions, but not in the poly I : C-vehicle condition p40.05.
Experiment 4: The Effects of Prenatal Poly I : C Administration on In Vitro Spontaneous and Stimulated
Striatal DA Release in the Juvenile Offspring ]DA release was significantly greater in the striatum of the adult offspring of poly I : C-treated dams than in the striatum of the adult offspring of saline-treated dams. These outcomes were supported by significant main effects of prenatal treatment, F(1,15) ¼ 4.56, po0.049, and release, F(1,15) ¼ 380.24, po0.0001, as well as a significant prenatal treatment Â release interaction, F(1,15) ¼ 7.06, po0.018. The Tukey HSD post hoc comparisons yielded a significant difference between the two groups in KClinduced release, po0.037, but not in basal release, p40.05.
Experiment 6: The Effects of Prenatal Poly I : C Administration on Spontaneous and AmphetamineInduced Activity in the Juvenile Offspring Figure 7 presents the mean ( 7 SEM) number of movements, in 6-min blocks, of the juvenile (40 days) offspring of saline-or poly I : C-treated dams before and after being injected with amphetamine (n ¼ 8 per group). As can be seen, there were no differences between the two groups in spontaneous activity levels (first 30 min period), and amphetamine increased the mean number of movements in both groups in the same manner. This was supported by significant main effects of period, F(2,28) ¼ 24.10, po0.0001, and segment, F(4,56) ¼ 5.16, po0.001, as well as a significant period Â segment Prenatal immune activation and latent inhibition L Zuckerman et al interaction, F(8,112) ¼ 19.82, po0.0001. One-way ANOVA with a main factor of prenatal treatment (saline, poly I : C) performed on the cumulative number of movements after amphetamine administration yielded no effect of prenatal treatment, p40.05.
Experiment 7: The Effects of Prenatal Poly I : C Administration on Spontaneous and AmphetamineInduced Activity in the Adult Offspring Figure 8 presents the mean ( 7 SEM) number of movements, in 6-min blocks, of the adult offspring of saline-or poly I : C-treated dams before and after being injected with amphetamine (n ¼ 8 per group). As can be seen, there were no differences in spontaneous activity between the two groups. Amphetamine increased activity in both groups, but the offspring of poly I : C-treated dams were more active than the offspring of saline-treated rats. These outcomes were supported by significant main effects of period, F(2,28) ¼ 45.54, po0.0001, and segment, F(4,56) ¼ 2.65, po0.042, as well as a significant prenatal treatment Â period interaction, F(2,28) ¼ 5.3, po0.011, and a significant prenatal treatment Â period Â segment interaction, F(8,112) ¼ 2.41, po0.019. One-way ANOVA with a main factor of prenatal treatment (saline, poly I : C) performed on the cumulative number of movements after amphetamine administration, yielded a significant main effect of prenatal treatment, F(1,14) ¼ 5.33, po0.036.
DISCUSSION
Thirty five days old offspring of both saline-and poly I : Ctreated dams who were preexposed to the tone exhibited less suppression of drinking during tone presentation than their NPE counterparts, namely, showed normal LI. In contrast, when tested at adulthood, the offspring of salinetreated dams showed LI, but LI was absent in the adult offspring of poly I : C-treated dams. Thus, while the juvenile offspring of poly I : C-treated dams exhibited intact capacity to ignore the previously inconsequential stimulus when it Figure 8 Mean 7 SEM number of movements, in 6-min blocks, of the adult offspring of saline or poly I : C-treated dams before (blocks 1-5) and after (blocks 6-15) being injected with amphetamine.
Prenatal immune activation and latent inhibition
L Zuckerman et al came to signal reinforcement, such capacity was lost in the adult offspring, so that these rats treated the irrelevant stimulus as if it were relevant. Several previous studies have shown that LI is disrupted following various manipulations during the period of perinatal development, including postnatal restriction of environmental stimulation, maternal separation or hippocampal lesion, and prenatal stress or corticosterone administration (Ellenbroek and Cools, 1995; Grecksch et al, 1999; Shalev et al, 1998; Shalev and Weiner, 2001; Weiner et al, 1985 Weiner et al, , 1987 . However, LI was assessed in these studies only in adult rats. Since a key feature of schizophrenia is a long latency between the neurodevelopmental aberration and its overt onset after puberty, an essential premise of the neurodevelopmental theory is that the emergence of symptoms is dependent on brain maturational processes that occur after puberty . If the psychosis-mimicking adult LI disruption induced by perinatal manipulations is dependent on postpubertal maturational processes, then it can be expected that LI would be normal at prepubertal age, as indeed was the case in the offspring of poly I : C-treated dams. Thus, our study further supports the critical influence of perinatal insults on LI development, and in addition demonstrates for the first time that LI abnormality exhibits a developmental course that is predicted by the neurodevelopmental theory of schizophrenia.
Consistent with the widely documented ability of APDs to reverse LI disruption and with the clinical pharmacology of schizophrenia, both the typical APD haloperidol and the atypical APD clozapine were effective in restoring the capacity of the adult offspring of poly I : C-treated dams to ignore the PE stimulus. To date, only one study showed that LI disruption following an early postnatal manipulation was reversed by APD treatment (Feldon and Weiner, 1988 ). The present results provide an additional demonstration that a neurodevelopmentally induced LI loss can be alleviated by antipsychotic treatment.
It is well documented that disrupted LI in the rat is related to hyperdopaminergic function (Ellenbroek and Cools, 1990; Joseph et al, 2000; Moser et al, 2000; Weiner, 1990 Weiner, , 2003 . Therefore, LI loss in the adult offspring of poly I : C-treated dams and its reversal by both haloperidol and clozapine, which share the feature of dopaminergic blockade (Arnt and Skarsfeldt, 1998) , strongly suggested that the subcortical DA system is overactive in these offspring. This was supported by the findings of greater amphetamineinduced hyperlocomotion and in vitro stimulated striatal DA release following prenatal poly I : C treatment. Moreover, these abnormalities also exhibited a maturational delay. While motor activity after amphetamine was similar in the juvenile offspring of saline-and poly I : C-treated dams, prenatal poly I : C affected such hyperactivity differentially at adulthood, so that the offspring of poly I : C-treated dams exhibited greater amphetamine-induced hyperactivity than their controls. Likewise, stimulated striatal DA release was similar in the juvenile offspring of saline-and poly I : C-treated dams, but such release was greater in the striatum of the adult offspring of poly I : Ctreated dams than in the striatum of the controls. Taken together, our results indicate that prenatal poly I : C administration leads to a delayed emergence of behavioral and neurochemical changes suggestive of increased dopaminergic responsivity. Moreover, since both disrupted LI and amphetamine-induced hyperactivity are primarily linked to excessive DA transmission in the mesolimbic system (Lipska et al, 1992; Weiner, 1990) , our results may be suggestive of a maturation-dependent increased mesolimbic DA function in adult poly I : C rats.
In addition, our results showed that prenatal poly I : C treatment resulted in histopathological abnormalities in the CA1 and CA3 regions of the hippocampus the dentategyus and the entorhinal cortex of the adult offspring. Specifically, pyknotic-like neuronal profiles were observed in all the regions, with the CA1 being most severely affected. It is widely documented that the temporolimbic and the DA systems are intimately linked, with perturbations in the former leading to increased subcortical DA function (Csernansky et al, 1991; O'Donnell and Grace, 1998; Todd and Grace, 1999) . Accordingly, lesions to limbic structures lead to increased amphetamine-induced activity and LI disruption, which is reversed by dopaminergic blockade (Gosselin et al, 1996; Lipska et al, 1992; Yee et al, 1995) . Therefore, given the presence of anatomical abnormalities in the hippocampus and the entorhinal cortex of adult poly I : C rats, dopaminergic hyperfunction in these rats could be consequent to disrupted temporolimbic input to the DA system. However, the fact that dopaminergic function was not critically affected prior to puberty, suggests that the expression of disrupted temporolimbic input with respect to DA-related behaviors depends on a maturation-dependent interaction between the temporolimbic and dopaminergic systems, as suggested by Weinberger and Lipska (1995) .
The fact that prenatal poly I : C administration led to long-term neurochemical, neuromorphological, and behavioral aberrations in the offspring indicates that poly I : C effects were centrally mediated. Furthermore, given the 48 h window of poly I : C action, the observed abnormalities can be relatively precisely correlated with the time of neurodevelopment. As GDs 15-17 is a time when the entorhinal cortex, and the CA1 and CA3 fields undergo neurogenesis Bayer et al, , 1993 , it is likely that poly I : C-induced maternal immune activation interfered with the normal development of these fetal sites. The precise mechanisms by which maternal immune response may affect the developing brain remain to be elucidated, but maternally generated cytokines are believed to be involved, because of the following reasons: (1) they can enter the fetal circulation and influence cytokine levels in the fetal brain; and (2) there is evidence from in vitro and in vivo studies that cytokines regulate brain development (Malek-Ahmadi, 1996; Marx et al, 2001; Medlock et al, 1993; Mehler and Kessler, 1998; Merrill, 1992; Patterson and Nawa, 1993; Rothwell and Hopkins, 1995; Urakubo et al, 2001) . Particularly relevant in the present context are the findings that cytokines detrimentally affect the developing hippocampal neurons (Araujo and Cotman, 1995; Jarskog et al, 1997) .
Although a comparison in relation to human gestation is not straightforward, the time window targeted here may roughly correspond to the second trimester of human pregnancy, a period during which viral insults are believed to provoke disrupted ontogenesis of the parahippocampal region, which may ultimately provide the neural substrate for the psychopathological phenomena associated with schizophrenia (Beckmann, 1999; Brown et al, 2000; Kunugi et al, 1995) . However, while the presently observed deleterious consequences of prenatal poly I : C administration validate this method of induction as well as its timing, it remains to be determined whether such consequences are restricted to cytokine induction on GDs 15-17. Future tests should determine the effects of prenatal poly I : C as a function of different time windows during fetal neurodevelopment.
Whatever the precise mechanisms underlying the influence of immune stimulation during pregnancy, the present findings showed that such stimulation led to a postpubertal emergence of increased striatal DA release, an increased sensitivity to locomotor-stimulating effects of amphetamine, LI impairment that is ameliorated with APD treatment, and morphological alterations in the limbic system, phenomena reminiscent of schizophrenia in terms of a temporal course (emergence in early adulthood), affected neurotransmitter system (DA hyperfunction), limbic pathology, cognitive dysfunction, and sensitivity to APDs.
Although extrapolation of data from rodent models to complex human syndromes such as schizophrenia is problematic, the phenomena observed in this study seem to be relevant to the clinical phenomenology and pharmacology. As detailed in the Introduction, LI loss is observed in rats and normal humans treated with amphetamine (Gray et al, 1992a; Weiner et al, 1984) , in high schizotypal humans (Baruch et al, 1988b; Lubow et al, 1992) , and in acutely psychotic schizophrenia patients (Baruch et al, 1988a; Gray et al, 1992b Gray et al, , 1995 Rascle et al, 2001; Vaitl and Lipp, 1997) , whereas APDs potentiate LI in rats and normal humans, and restore LI in schizophrenia patients (Baruch et al, 1988a; Weiner et al, 1996; Williams et al, 1997) . These results strengthen the likelihood that the LI effect observed in the two species is functionally and pharmacologically the same phenomenon, and that disrupted LI in the offspring of poly I : C-treated dams may be equivalent to disrupted LI exhibited by schizophrenia patients. The finding of increased responsivity to amphetamine and striatal DA release in the poly I : C offspring is consistent with the widely accepted role of subcortical dopaminergic hyperfunction in schizophrenia, and in particular with the recent findings from neuroimaging studies of increased sensitivity to amphetamine and increased striatal DA release in untreated and neuroleptic naïve schizophrenics in comparison to normal controls (Abi-Dargham et al, 1998; Breier et al, 1997; Laruelle et al, 1996 Laruelle et al, , 1999 . Finally, the observed morphological abnormalities in the hippocampus and the entorhinal cortex in the adult poly I : C offspring are consistent with findings of morphological abnormalities described in these same regions in schizophrenia (Arnold, 1999; Beckmann, 1999; Bogerts et al, 1985; Falkai et al, 1988; Jakob and Beckmann, 1986) .
Furthermore, our results suggest that prenatal poly I : Cinduced deficits may provide a model of positive symptoms of schizophrenia. It is commonly asserted that both typical and atypical APDs are effective against positive symptoms, whereas atypical APDs have higher efficacy for negative symptoms, and that therefore, an animal model that is sensitive to atypical but not typical APDs may have predictive validity for the latter condition, whereas a model that is sensitive to both classes of APDs, may have predictive validity for the former condition (Arnt and Skarsfeldt, 1998; Brunello et al, 1995; Kinon and Lieberman, 1996) . Viewed in this light, our finding that poly I : Cinduced LI disruption was reversed by both haloperidol and clozapine, indicates that such disruption has predictive validity for positive symptoms. The latter is in line with clinical findings that LI tends to be disrupted in the acute stages of schizophrenia that are typically associated with predominant positive symptomatology (Baruch et al, 1988a; Gray et al, 1992b Gray et al, , 1995 Rascle et al, 2001) , and that amphetamine challenge and increased striatal DA release in schizophrenic patients are correlated with an exacerbation of positive symptoms (Abi-Dargham et al, 1998; Breier et al, 1997; Laruelle et al, 1996 Laruelle et al, , 1999 . Finally, limbic system pathology has been considered particularly significant in the development of positive symptoms (Bogerts et al, 1985; Gray et al, 1991) .
In conclusion, our findings suggest that prenatal administration of the synthetic cytokine inducer poly I : C may provide a neurodevelopmental model of positive symptoms of schizophrenia which: (1) reproduces a putative inducing factor; (2) mimics the characteristic maturational delay of the clinical disorder; (3) mimics a central cognitive, neurochemical, and neuropathological abnormality of the disorder; and (4) predicts responsiveness to APDs. This in turn supports the hypothesis that immune activation during pregnancy may in part be responsible for the interaction between maternal infection during pregnancy and schizophrenia Kirch, 1993; Nawa et al, 2000; Pearce, 2001; Wright et al, 1993) . Moreover, prenatal poly I : C administration may provide a unique model in terms of the study of induction at the functional level, because immune activation precisely timed to specific periods of fetal neurodevelopment may allow the characterization of critical risk periods during which immuneinduced disruption of selectively vulnerable neuronal populations/systems can lead to dysfunctional brain circuitries and postpubertal pathology relevant to schizophrenia. Although additional exogenously applied gestational insults, namely, X-ray irradiation (Mintz et al, 1998) and systemic administration of a mitotic toxin methylazoxymethanol (Fiore et al, 2000; Talamini et al, 1998) , can be precisely timed to specific periods of neurodevelopment, poly I : C administration is more etiologically relevant, because viral infections have been one of the environmental factors most often considered as predisposing to schizophrenia. Moreover, proinflammatory cytokines are elevated during additional neurodevelopmental insults associated with increased schizophrenia risk, such as ischemia and hypoxia (Marx et al, 2001) . The relevance of prenatal immune-induced maldevelopment is further supported by the fact that the behavioral and biological consequences relevant to schizophrenia arise after a maturational latency. Although the model does not address the involvement of a genetic component in schizophrenia, it may be highly relevant to subgroups of schizophrenia in which environmental factors in general and gestational factors in particular are considered to play a significant role (Kirch, 1993; Murray et al, 1992a; Wright et al, 1993) .
